Intestinal trefoil factor (ITF) is an essential regulator of colonic epithelial restitution, the rapid migration of colonocytes over mucosal wounds. High levels of ITF are frequently present in colorectal cancers and derived cell lines. Mucosal restitution requires the detachment of epithelium from substrate, which would be expected to induce apoptosis. However, mice deficient in ITF showed an increase in colonocyte apoptosis unaccompanied by changes in expression of receptor-related (TNFR͞Fas) or stressrelated (Bcl-family) cell death regulators. An ITF-expressing colonic (HT-ITF1) cell line was resistant to apoptosis induced by serum starvation and ceramide. Exogenous ITF also protected another human colonic carcinoma-derived cell line (HCT116) and a nontransformed rat intestinal epithelial cell line (IEC-6) from apoptosis. This effect was abrogated by wortmannin and tyrphostin A25, indicating the potential involvement of phosphatidylinositol 3-kinase and epidermal growth factor (EGF) receptor activation. Expression of phosphorylated Akt, which lies downstream of phosphatidylinositol 3-kinase activation, was elevated in this HT-29-ITF line. p53-dependent cell death in the AGS human gastric cancer cell line after etoposide was similarly inhibited by transient expression of ITF but not a C-terminal truncation mutant of ITF, and it required functional phosphatidylinositol 3-kinase and EGF receptor. These findings support a central role for ITF in the maintenance of intestinal mucosal continuity, and conversely demonstrate the potential for ITF expression to confer resistance of colorectal tumors to therapy.
R
estitution, the ability of epithelial cells to spread and migrate across the basement membrane to cover shallow defects, is the key initial step in repair of mucosal injury and can achieve restoration of mucosal continuity over broad areas of damage within hours (1) (2) (3) . This resurfacing, which is independent of proliferation, is followed over a period of days by a remodeling phase of epithelial proliferation and differentiation. Brisk restitution after injury is desirable both to limit fluid and electrolyte losses and to prevent diffusion of foreign antigens from the gastrointestinal lumen into local and systemic immune compartments. Both these aspects underlie the morbidity after therapeutic abdominal irradiation, and they limit dose and dose intervals (4) .
The trefoil peptide family, comprising the intestinal peptide ITF and the gastric peptides SP and pS2, play a critical role in epithelial restitution within the mammalian gastrointestinal tract. These small (7-12-kDa) protease-resistant proteins are abundantly secreted onto the mucosal surface by specialized mucus-secreting cells of the gut. They are rapidly up-regulated at the margins of mucosal injury, and they are believed to promote epithelial cell migration (5, 6) . Colonic restitution is absent in mice made ITF deficient by homologous recombination (7), rendering otherwise minor colonic injury lethal. Of note, ITF expression is preserved or enhanced in colorectal carcinomas, especially those with a mucinous phenotype (8) , which are known to bear an especially poor prognosis, partly because of resistance to conventional chemotherapy and radiotherapy (9, 10) .
In common with most epithelial cells, intestinal epithelial cells are anchored; these cells are protected from cell death by maintenance of cell-cell and cell-substratum contacts (11, 12) . Detachment normally results in cell death through apoptosis. Since restitution after intestinal epithelial injury involves detachment of cells from these contacts, mechanisms preventing apoptosis of these migrating cells must exist in vivo. We investigated the mechanisms whereby ITF-induced migration might bypass cell death.
Methods
Cell Lines. HCT116 , AGS, and IEC-6 cell lines were obtained from the American Type Culture Collection.
Terminal Deoxynucleotidyltransferase-Mediated UTP End Labeling (TUNEL) Assay. Intestinal tissues from ITFϪ͞Ϫ mice of genotype Sv129͞C57BL͞6 and age-matched Sv129͞C57BL͞6 and Sv129 purebred controls were fixed in 4% paraformaldehyde͞PBS, embedded in paraffin, then sectioned at 4 m onto coated glass slides. Sections were dewaxed, rehydrated, then briefly digested with 20 g͞ml proteinase K. Apoptotic nuclei were stained by terminal deoxynucleotidyltransferase-catalyzed transfer of fluorescein-labeled nucleotides (Apoptag, Oncor, Gaithersburg, MD), performed according to the manufacturer's instructions. Cells were counterstained with propidium iodide (2.5 g͞ml).
Multiprobe RNase Protection Assay. Total RNA was extracted as previously described from whole colon mucosa (7) or isolated colonic epithelial cells (13) . This RNA was transcribed in vitro in the presence of [␣- (14) by primer extension. Primers were 5Ј-GGGGTACCGCC-GCCACCATGGCTGCCAGAGCGCTCTGCATGCTGGGG-CTGGTCCTGGCCTT-3Ј and 5Ј-GCTCTAGAAGGTGCAT-TCTGCTTCCTG-3Ј. This product was subcloned into the KpnI͞XbaI sites of eukaryote expression vector pcDNA3.1 (Invitrogen). Stable transfection of HT-29 cells with hITF or control pcDNA3.1 plasmids was performed by lipofection using Lipofectamine (GIBCO͞BRL) and G418 selection as recommended by the manufacturer. Myc epitope-tagged hITF and C-terminal deletion construct hITF-CMUT were generated by PCR from full-length hITF cDNA and subcloned into pcDNA3.1-myc-hisB (Invitrogen). Primers were 5Ј-GGTCTA-GAGGTACCGCCGCCACCA-3Ј and 5Ј-CCTCTAGAAAGG-TGCATTCTGCTT-3Ј (hITF-CMYC) and 5Ј-GGTCTAGAG-GTACCGCCGCCACCA-3Ј and 5Ј-CCTCTAGAAAAC-AACAAGGCACTCC-3Ј (hITF-CMUT). Control plasmid pcDNA3.1-myc-his-LacZ was obtained from Invitrogen. AGS cells grown to 50% confluence on plastic chamber slides were transiently transfected by calcium phosphate coprecipitation with 5 g of pITF-myc, pITF-cmut, p110 [which encodes wildtype phosphatidylinositol 3-kinase (PI 3-kinase)], or pLacZ-myc, with or without 5 g of dominant-negative pHER653 or ⌬-p85 plasmids. Plasmids p110-myc and ⌬-p85-myc were kindly provided by R. Xavier (Massachusetts General Hospital). DNA content of transfection mixtures was made constant by the addition of empty vector (pcDNA3.1).
In Vitro Cell Death Assays. HT-29 wild-type or HT-ITF1 cells were grown to confluence on plastic multiwell plates and incubated with serum-free media where indicated. C2-ceramide (25 M) was added and cells were incubated for a further 4 h, propidium iodide was added, and cells were photographed by phasecontrast or inverted immunofluorescence microscopy. In studies of other colonic epithelial cell lines, confluent monolayers of HCT116 and IEC-6 colonic epithelial cells in 6-well multiplates were maintained at 0.1% FCS containing medium for 24 h, then further incubated with 1 mg͞ml ITF or BSA for 24 h. One millimolar etoposide or 50 mM C2-ceramide was added to HCT116 and IEC-6 cells, respectively, and the cells were incubated for 24 h. For cell death assay after transient transfection, AGS cells were rinsed with PBS 12 h after transfection, then changed to serum-free medium (Ultraculture; BioWhittaker). Twenty-four hours after transient transfection, cells were treated with 50 M etoposide for 5-6 h, rinsed with PBS, and fixed in 2% paraformaldehyde͞PBS containing 0.1% Triton X-100. Myc-expressing cells were labeled with mouse anti-c-myc (Calbiochem) followed by FITC-labeled donkey anti-mouse IgG (Jackson ImmunoResearch). Propidium iodide, 2.5 g͞ml, was added before the final wash. Ten images at ϫ100 magnification were captured by confocal immunofluorescence microscopy, and at least 100 transfected cells were scored for having apoptotic morphology. Results shown are representative of three independent experiments.
Western Blot Analysis for ITF. Cells were washed with PBS and immediately lysed on ice in buffer (1% Triton X-100͞50 mM Tris⅐HCl, pH 7.4͞150 mM NaCl containing 1 mM EDTA, 10 g͞ml aprotinin, 100 M phenylmethylsulfonyl fluoride, and 10 g͞ml leupeptin) containing phosphatase inhibitors (200 M sodium orthovanadate, 100 mM NaF, and 10 mM sodium pyrophosphate). The lysates were centrifuged at 10,000 ϫ g for 20 min at 4°C, and the protein concentration in resulting supernatants was measured by the Bradford method (Bio-Rad). Samples were electrophoresed through 15-18% polyacrylamide gel and transferred onto poly(vinylidene difluoride) (PDVF) membranes (Millipore). After saturation in blocking buffer (3% BSA in 0.05% Tween 20), blots were incubated for 16 h at 4°C with polyclonal antiserum from rabbits immunized with recombinant rat ITF peptide. Renaissance chemiluminescent reagents (DuPont) were used according to the manufacturer's instructions. 
Results

ITF؊͞؊ Mice Have Increased Intestinal Apoptosis.
In previous studies, an increase in BrdU labeling of proliferating cells in the colon of adult ITF-null mice was noted (7) . However, cell number per colonic crypt appeared normal, suggesting that an increase in cell loss may underlie the drive to proliferation. The majority of physiological colonocyte losses occur through apoptosis (15) . Accordingly, we assessed colonic apoptosis by TUNEL staining of colonic sections fixed with paraformaldehyde and embedded in paraffin. As it was formally possible that purebred Sv129 mice may have had a higher rate of spontaneous colonic apoptosis, and to control for possible differences in Sv129 contribution to the ITF-null genotype, both Sv129͞C57BL͞6 wild-type mice and purebred Sv129 mice were assessed for control purposes. In both control strains, TUNELpositive cells occurred at a frequency of less than one per colonic crypt ( Fig. 1) , and these cells also had morphological hallmarks of apoptosis. An increase in the number of TUNEL-positive cells was found in the colonic crypts of ITF-null mice (Fig. 1 ). These TUNEL-positive cells were distributed along the height of the crypts and into the surface epithelial cuff, rather than the expected location near the stem cell compartment (4). Similar findings were made in small intestinal crypt-villus units (data not shown).
Agents use to induce intestinal apoptosis in mouse models typically result in preferential death of cells in the stem cell positions or the adjacent compartment, which is thought to represent selection of cells according to replication phase (4). The broad distribution of cell death seen in ITFϪ͞Ϫ crypts, in the presence of normal gland architecture and cell repertoire, suggests that sensitivity to apoptosis was occurring in colonocytes at differing stages of proliferation and differentiation, and this suggests the influence of local triggers to cell death.
ITF؊͞؊ Mice Have Normal Expression of bcl-2 Family and Tumor
Necrosis Factor (TNF) Receptor Superfamily Genes. ITF is an immediate-early gene able to regulate the expression of the gastric trefoil genes SP and pS2 as well as other immediate-early genes in model cell lines (16) . Accordingly, potential regulation by ITF of genes critical in apoptosis was evaluated. For example, whereas colonic epithelial apoptosis occurs throughout the crypt, homozygous bcl-2-null mice have increased colonic apoptosis selective for the crypt base (17) . In addition, normal colonocyte death may be mediated by CD95 (Fas); indeed, Fas expression is attenuated or lost in colon carcinoma (18) . Apoptosis mediated by Fas͞Fas ligand may also be regulated by the level of Fas ligand, TNF receptor superfamily, or bcl-2 family mRNA expression (19, 20, 21 ). This possibility was tested by multiple-probe RNase protection assays of total RNA extracted from the full thickness of the mouse colon, or RNA from isolated mouse colonic crypt epithelial cells (13) . No differences in gene expression of any proteins related to the receptor-mediated apoptotic pathway, including Fas͞Fas ligand, FADD͞Mort-1, FLICE, and TNF receptor superfamily members could be detected ( Fig. 2A) . Similarly, there were no differences in gene expression of stress-related apoptosis proteins, including bcl-2 or Bak͞Bcl-x͞Bad (Fig. 2B) .
ITF Activates PKB͞Akt Kinase and Prevents p53-Independent Apoptosis in Colon Cancer and Nontransformed Intestinal Epithelial Cell Lines.
These data indicated that ITF might act locally at the posttranslational level to protect intestinal epithelial cells against cell death. This suggestion contrasts with a recent report of Efstathiou et al. (22) , where the addition of bacterially expressed ITF led to detachment and death of HT-29 cells. This hypothesis was tested by in vitro analysis of apoptosis induced by various agents.
Both p53-dependent and -independent mechanisms contribute to intestinal cell death (15) . We studied p53-independent apoptosis in HT-29 colon cancer cells, which lack functional p53 and are therefore relatively insensitive to p53-mediated apoptosis (23, 24) ; conveniently, these cells also lack ITF expression (14) . HT-29 cells stably transfected with an expression plasmid encoding full-length ITF (HT-ITF1) or vector control (HT-vec) were grown as confluent monolayers on plastic. Expression of ITF by the HT-ITF1 line was confirmed by Western blot analysis. In contrast, the vector control parental line produced no detectable ITF. Vector control cells were relatively sensitive to apoptosis induced by 18 h of serum withdrawal (Fig. 3 A and C) . In contrast, HT-ITF1 cells were resistant to serum withdrawal, with a reduction by up to 75% in the number of cells undergoing apoptosis (Fig. 3 B and D) . Comparable results were obtained from four independently derived ITF-expressing clones (data not shown). HT-vec and HT-ITF1 cells were then treated with C2-ceramide for 3 h. This treatment caused a 4-fold rise in the number of apoptotic HT-vec cells (Fig. 3E ) but had no appreciable effect on HT-ITF1 cells (Fig. 3F) . Protection from cell death conferred by ITF expression occurred in the presence or absence of serum, indicating that ITF may act independently of serum growth factors.
Although receptors for trefoil peptides have not been cloned, ITF leads to phosphorylation of the epidermal growth factor (EGF) receptor (EGFR) (25) , which is necessary for the mitogen-activated protein kinase (MAPK)-dependent transcriptional cross-regulation exhibited by trefoil peptides (16) . The EGFR, while stimulating classical mitogenic pathways in epithelial cells, also mediates the association of ␤-catenin with the actin cytoskeleton and components of the intracellular adherens junction (26, 27) . The EGFR therefore is central to a variety of epithelial cell properties, from growth and wound healing to adhesion and cell migration. Colonocyte cell death induced by loss of cell-cell and cell-substratum contacts in vitro can be prevented by EGF as well as scatter factor͞HGF (12) . Protection from detachment-induced apoptosis appears to require the activity of PI 3-kinase and consequent activation of PKB͞Akt (28, 29) . We therefore determined whether the ability of ITF to protect from cell death induced by serum withdrawal or C2-ceramide might require EGFR activation or the activity of PI 3-kinase. Inhibition of EGFR tyrosine kinase activity by pretreatment of cells with the inhibitor tyrphostin A25 (30, 31) restored sensitivity of HT-ITF1 cells to both serum withdrawal (data not shown) and C2-ceramide (Fig. 3G) . Similarly, pretreatment with the PI 3-kinase inhibitor wortmannin rendered HT-ITF1 cells sensitive to C2-ceramide (Fig. 3H) .
Sensitivity of HT-ITF1 cells to ceramide and serum starvation was also assessed by cleavage of the p116 caspase substrate PARP. Treatment of HT-vec but not HT-ITF1 cells with C2-ceramide at 50 M was associated with cleavage of p116 PARP (Fig. 4A, lanes 2 and 3) ; HT-ITF1 cells were resistant to C2 ceramide-induced PARP cleavage. Treatment with tyrphostin was associated with PARP cleavage and the appearance of the p85 and p20.1 fragments both in the absence (Fig. 4A, lane 5 ) and in the presence (Fig. 4A, lane 8) of C2-ceramide. Wortmannin pretreatment was associated with loss of p116 after C2-ceramide treatment (Fig. 4A, lane 9 ), but not in the absence of ceramide, in HT-ITF1 cells.
Although ITF has been reported to induce EGFR phosphorylation in colon cancer cells (23) , involvement of PI 3-kinasedependent pathways was unexpected. The antiapoptotic action of PI 3-kinase activation requires activation of PKB͞Akt and PKB͞Akt-dependent phosphorylation of the bcl-2 family member BAD (32, 33) . Accordingly, we assessed PKB͞Akt activation in serum-stimulated HT-29 cells by using antibody specifically recognizing the Ser-457-phosphorylated form of PKB͞Akt. Indeed, serine phosphorylation of PKB͞Akt was found to be increased in HT-ITF1 cells compared with HT-vec (Fig. 4B) . The effects of trefoil peptide in blocking induced apoptosis were not unique to the HT-29 cell line. As demonstrated in Fig. 5 , addition of ITF blocked p53-dependent apoptosis induced by etoposide in the HCT116 cells, another human colon cancer-derived cell line that does not express endogenous trefoil. Moreover, ITF also prevented etoposide-induced apoptosis in a nontransformed rat intestinal epithelial cell line (IEC-6). Thus, significant cleavage of full-length PARP (116 kDa) was observed in these lines after treatment with etoposide or C2-ceramide in the presence of the control protein (BSA). In contrast, PARP cleavage was almost completely prevented by addition of ITF.
ITF Prevents p53-Dependent Apoptosis in Vitro in an EGFR-and PI
3-Kinase-Dependent Manner. After studies using the p53-deficient HT-29 clones, we explored the effect of ITF on p53-dependent apoptosis. The cancer chemotherapeutic agent etoposide induces apoptosis through p53-dependent mechanisms (34) . In contrast to HT-29 cells, which are insensitive to etoposide because they lack p53, cells of the gastric cancer line AGS are sensitive to etoposide-induced apoptosis, show minimal ITF expression, and are amenable to transient transfection (16) . We therefore transiently transfected AGS cells with epitope-tagged ITF (ITF-Myc), mutant ITF (ITF-CMUT), or control (LacZ) expression plasmids. Apoptosis was then induced by the addition of etoposide to 50 M in complete medium, and cells were incubated for a further 5-6 h to allow nuclear changes to occur. Apoptosis in transfected cells was assessed by nuclear morphology of Myc-expressing cells counterstained with propidium iodide. Of control (LacZ-Myc) transfected cells, 85.5% showed characteristic nuclear morphology of apoptosis, including intense propidium iodide staining within a condensed, scalloped, or fragmented nucleus. ITF-expressing cells generally appeared viable, with 48% of cells exhibiting normal nuclear morphology (Fig. 6A ). This degree of protection was statistically significant (P ϭ 0.0001; 
Discussion
ITF is a member of the trefoil peptide family normally expressed throughout the small and large intestine by goblet epithelial cells. Of note, many colon cancers and their derivative cell lines are marked by preserved ever-enhanced ITF production. In the present studies, we demonstrate that both endogenous and exogenous ITF may prevent p53-dependent and p53-independent apoptosis. This effect was observed in multiple intestinal cell lines, including both cancer-derived malignant and nontransformed cells. These results suggest a twofold role for ITF in the intestine. Where mucosal continuity is maintained the presence of the protease-resistant ITF may prevent inappropriate activation of cell death pathways in the presence of trivial stresses. Where mucosal breaches have occurred, the marked upregulation of trefoil peptides in the wound margin may provide protection for the monolayer of epithelial cells that must migrate across the defect. Nevertheless, short-term (3-4 days) losses of large areas of intestinal epithelium may arise in the small intestine after abdominal irradiation (4) and in the colon after infectious and idiopathic colitis, and may overwhelm the capacity for regeneration. This observation suggests a therapeutic use for ITF in this setting. Trefoil peptides are highly protease resistant and active after oral (35) or rectal (7) administration. Rectal instillation of ITF at 12-h intervals was able to rescue the colonic mucosa of ITF-null mice to wild type and to prevent the marked ulceration seen after oral administration of dextran sulfate sodium (7).
The posttranslational action of ITF to protect intestinal epithelial cells against apoptosis appears to contradict a preliminary report in which bacterially expressed ITF led to detachment and death of HT-29 cells (22) . Several lines of evidence favor ITF having such a protective role, including in vivo evidence of increased colonocyte proliferation in ITF-null mice (7) and increased spontaneous colonic apoptoses in these mice. In addition, ITF stimulation of HT-29 and other gastrointestinally derived cell lines leads to phosphorylation of the EGFR (25) and EGFR-dependent activation of mitogen-activated protein kinase (16) , which would be expected to favor survival rather than apoptosis. Furthermore, activation of the kinase Akt has also been implicated in survival mechanisms of a range of cell types (32, 33) , and it occurs in cells stably expressing ITF (this report), and in other gastrointestinal cell lines stimulated with recombi- nant ITF or SP (D.R.T. and D.K.P., unpublished observations). The functional importance of Akt phosphorylation was underlined by the abrogation of the protective effects of ITF in the presence of PI 3-kinase inhibitors.
What are the proximal signaling events after ITF stimulation suggested by these data? The kinetics of EGFR phosphorylation after EGF and ITF stimulation are similar (16) . However, direct binding of ITF to the EGFR has not been established (36) . In addition, the specific erbB receptor dimers activated after ITF stimulation are not established. Transactivation of distinct erbB homodimers and heterodimers appears to dictate subsequent signaling events, including receptor internalization and recruitment of adapter proteins, and the kinetics of the association between the EGFR and the p85 subunit of PI 3-kinase (37) . Although it appears that EGFR-p85 interaction is critical for inhibition of apoptosis achieved by ITF treatment, these issues are the focus of biochemical studies directed toward the molecular ordering of the ITF-stimulated state.
Expression of ITF rendered cancer cell lines resistant to induction of apoptosis by a variety of agents. Does ITF expression result in a more aggressive colon cancer phenotype? This may not be the case: expression of ITF in a panel of resected colon cancers was associated with more differentiated and less advanced tumors (8) . However, it is possible that ITF may confer invasive potential and resistance to therapy. Mucinous or colloidal colorectal cancers, which express abundant ITF (8) , have a particularly invasive character despite moderate degrees of differentiation; furthermore, these tumors are frequently resistant to chemotherapy and radiotherapy (9, 10) . It follows then that the use of in vitro͞in vivo models of tumor invasion and metastasis to determine the place of ITF in cancer progression is a priority.
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